Neural crest cells (NCCs) are pluripotent migratory cells that contribute to the development of various craniofacial structures. Many signaling molecules have been implicated in the formation, migration and differentiation of NCCs including bone morphogenetic proteins (BMPs). BMPs signal through a receptor complex composed of type I and type II receptors. Type I receptors (Alk2, Alk3 and Alk6) are the primary determinants of signaling specificity and therefore understanding their function is important in revealing the developmental roles of molecular pathways regulated by BMPs. Here we used a Cre/loxP system for neural crest specific deletion of Alk2. Our results show that mice lacking Alk2 in the neural crest display multiple craniofacial defects including cleft palate and a hypotrophic mandible. Based on the present results we conclude that signaling via Alk2 receptors is non-redundant and regulates normal development of a restricted set of structures derived from the cranial neural crest. q
Introduction
The neural crest is a pluripotent population of cells that is formed in the dorsal neural tube as a result of inductive interactions between the neural plate and the surface ectoderm (Dickinson et al., 1995; Liem et al., 1995; Bronner-Fraser, 1995; LaBonne and Bronner-Fraser, 1999) . After neurulation, neural crest cells (NCCs) delaminate and migrate along defined pathways to differentiate into a variety of cells and tissues. NCCs originating from the anterior neural tube (forebrain, midbrain, and anterior hindbrain), called the cranial neural crest (CNC), populate the facial region and the first and second pharyngeal arches, and eventually differentiate into bone, cartilage, cranial ganglia, and connective tissue of the head and neck (Tan and Morriss-Kay, 1986; Chai et al., 2000) .
A growing list of genes has been associated with the formation, migration and differentiation of neural crest cells, including bone morphogenetic proteins (BMPs) (Graham et al., 1994) . BMPs signal through receptor complexes composed of type II (BmprII, ActrII) and type I transmembrane receptors (Alk2, Alk3 and Alk6) (Massague, 1998; Derynck and Feng, 1997) . Upon ligand binding, type II receptors associate with and phosphorylate type I receptors in the GS domain rich in glycine and serine. This event activates type I receptors, which then bind and phosphorylate the intracellular signaling mediators, termed receptor regulated Smads (R-Smads). The specificity of this interaction is defined by the L45 loop of the type I receptor and the L3 loop of R-Smads . Unphosphorylated R-Smads are presented to type I receptors by a membrane-bound protein called SARA (Smad anchor for receptor activation); phosphorylated R-Smads are released from the SARA scaffold and form heterodimeric complexes with cytosolic Smad4 (cooperative or 'common partner' Smad, co-Smad; reviewed in Moustakas, 2002; ten Dijke et al., 2002) . These complexes are imported into the cell nucleus, where they act as transcriptional modulators (Heldin et al., 1997; Derynck et al., 1998) . depict the positions of intron 7 specific primers used to identify the Alk2 flox allele. Subsequently, the intron 6 specific primer (green) was used with the intron 7 specific primer to identify the Type I receptors are the primary determinants of signaling specificity and therefore elucidating their function is of paramount importance in understanding molecular signaling mechanisms regulated by BMPs during NCC development. Unfortunately, early embryonic lethality of conventional Alk2 and Alk3 knockouts at gastrulation has prevented assessment of the potential role of these receptors in murine NC development (Mishina et al., 1995; Gu et al., 1999; Mishina et al., 1999) . In the present study, we have used a Cre/loxP recombination strategy to specifically abrogate Alk2 function in the NCC lineage. Our results show that the loss of Alk2 in NCCs results in severe craniofacial defects. We conclude that signaling via Alk2 receptors is indispensable in normal development of restricted CNCderived structures.
Results and discussion
Generation of a conditional Alk2 allele. We generated Alk2 conditional mutant mice by introducing two loxP sites into the Alk2 locus to flank a 2.4-kb segment of genomic DNA including exon 7 (Kaartinen and Nagy, 2001 ). Exposure of this modified Alk2 flox allele to the Cre recombinase excises sequences that encode the Smad interacting domain (the L45 loop) and the critical part of the kinase domain (Fig. 1A,B) . In order to verify that the resulting Alk2 KO allele encodes a biochemically inactive protein, we generated expression vectors encoding a constitutively active (ca) variant of Alk2 (Alk2-Q207D) and a comparable construct lacking sequences encoded by exon 7 (caAlk2DEx7; Fig. 1C ). Unlike the full-length caAlk2, caALK2Dex7 was not able to induce Smad1 phosphorylation when cotransfected with the Smad1 cDNA into CHO cells. Moreover, embryos homozygous for the Alk2 KO allele die at gastrulation (data not shown) with a phenotype similar to that previously reported for Alk2 null embryos (Mishina et al., 1999; Gu et al., 1999) , whereas heterozygotes were indistinguishable from wild types. These combined data indicate that the targeted Alk2 protein is biologically inactive, and does not behave in a dominantnegative fashion.
Inactivation of Alk2 in the neural crest. Analysis of the expression pattern of Alk2 using in situ hybridization revealed that Alk2 mRNA is strongly expressed in the first two pharyngeal arches (Fig. 1D ). Since the pharyngeal arches are intensely populated by cells originating from the neural crest, we decided to induce the recombination specifically in this cell population by crossing homozygous Alk2 flox/flox female mice with Alk2 KO/þ /Wnt1-Cre þ males.
These mice express Cre under the control of the Wnt1 promoter that has been shown to drive specific, highefficiency recombination in early migratory NCCs (Danielian et al., 1998; Chai et al., 2000) . In addition, also cells in the neural tube and the brain were stained positively in reporter assays (Pietri et al., 2003) . The resulting mutant offspring mice are termed Alk2/Wnt1-Cre in the present manuscript. This model system allows us to abrogate Alk2 in NCCs at the postinduction stages and onwards only; it does not allow study of the Alk2-related biological events before and during the NC induction.
When pups were genotyped at 10 days of age, no Alk2/Wnt1-Cre offspring could be found. Genotyping of newborns revealed that eight out of 48 newborns were Alk2 mutants, i.e. about 40% of the expected Mendelian ratio died in utero.
In order to verify an efficient recombination in vivo, we isolated RNAs from the first and second pharyngeal arches at E11, and amplified a fragment of Alk2 mRNA using primers specific for sequences encoded by exons 6 and 8 (Fig. 1B) . As expected, pharyngeal arch tissues of the control embryos yielded the wild-type fragment (561 bp). In samples from Alk2/Wnt1-Cre mutants, a truncated fragment (284 bp), resulting from the excision of the exon 7, was amplified predominantly. A faint band with a size corresponding to the wild-type fragment most likely originated from Alk2 expression in cells that are not of neural crest origin.
Craniofacial defects in Alk2/Wnt1-Cre mutants. Newborn Alk2/Wnt1-Cre mice could be recognized by a lack of milk in the stomach and by a shorter head with a hypotrophic mandible, apparent as early as at E14 (Fig. 2 ). This phenotype was fully penetrant (33 of 33 mutant embryos studied). Further, analyses of the newborns revealed that in Alk2/Wnt1-Cre mutants the squamous parts of frontal bones lacked ossification towards the metopic region, resulting in enlarged frontal fontanels (Fig. 2E,F) . Zygomatic arches were incomplete, with developed maxillary zygomatic process but completely missing jugal (zygomatic) bone and zygomatic process of the squamal bone (Fig. 2C,D) . Squamal bones lacked the retrotympanic process; the temporal squama (ossifying from the same ossification center as the zygomatic process) was significantly smaller, lacking the lower portion with the mandibular fossa and its joint cartilage. In addition, corresponding secondary cartilage of the mandibular condyle did not develop, making the temporomandibular articulation undetectable (Fig. 2C,D) . The mandible itself was about 40% shorter than that of the control ( Fig. 2A -D ,G,H). The coronoid process was of a rudimentary size, and the secondary cartilage of the angular process whole-mount embryos demonstrate that Alk2 is expressed in the first pharyngeal arch at all examined stages with the trend to localize preferentially in the anterior mesenchymal region in later stages (E10, E11). The second pharyngeal arch shows Alk2 expression since E10. The expression of Alk2 was also very prominent in the otic vesicles with the maximum positivity at E10. R Fig. 2 . Craniofacial skeletal defects in the Alk2/Wnt1-Cre mutant mice. Pups with Alk2 deleted in the neural crest cells die at birth or shortly thereafter and display multiple craniofacial defects. The mutants have a hypoplastic mandible that is apparent as soon as at E14 (A,B; magnif. 10 £ ), and is more pronounced in newborns (C,D; magnif. 3 £ ). While the control mice demonstrate a positive cartilage staining (blue) in the proximal and distal extremities of the mandible (C,G), no similar staining can be seen in the Alk2/Wnt1-Cre mutants (arrowheads in D, H, magnif. 6 £ ). Arrowheads in (D) point to a region (dotted circle) was completely missing. In addition, the anterior cartilage derived from the distal extremity of Meckel's cartilage was absent; subsequently, the mental symphysis was not formed, resulting in persistently separate mandibular bones.
A failure to suckle was most likely due to a complete cleft of the secondary palate (Fig. 3) . Histological examination of prefusion palatal shelves at E14 ðn ¼ 6Þ showed that the mutant palatal shelves failed to elevate, either bilaterally or unilaterally (Fig. 3D,F) in comparison with the controls (Fig. 3E) . Mutant palatal shelves did not significantly differ in size from controls. Moreover, in later developmental stages, the unfused palatal shelves were bilaterally elevated, as documented in newborns (Fig. 3) . These facts suggest that the cleft palate develops as a result of delayed, eventually asynchronous elevation of palatal shelves. This is most probably caused by mandibular hypoplasia that makes the oral cavity substantially smaller, preventing the proper with missing posterior part of the zygomatic arch, defective squamal bone formation, and missing temporomandibular joint in Alk2 mutants. Frontal bones show defective ossification (f in E,F) and zygomatic arches are lacking posterior parts (C-F). Middle ear ossicles derived from the first pharyngeal arch (malleus and incus) do not show apparent abnormalities, except slightly shorter manubrium mallei in mutants (I,J; alizarin red and alcian blue staining for a bone and cartilage, magnif. 20 £ ). (ang.sc, secondary cartilage of the angular process of the mandible; cond.sc, secondary cartilage of the condylar process of the mandible; cor, coronoid process of the mandible; i, incus; m, malleus; mm, manubrium mallei; Meck.ant, anterior extremity of the Meckel's cartilage; mx.zyg, zygomatic process of the maxillary bone; s, stapes; tymp, tympanic bone (ring); sq.rtp, retrotympanic process of the squamous bone; sq.zyg, zygomatic process of the squamous bone; tma, temporo-mandibular articulation; zyg, zygomatic (jugal) bone). movements of the tongue and shelves. Since the hypomorphic mandibles are equally sized, we conclude that the elevation asynchrony is not caused by the asymmetry of the lower jaw.
Alk2 is not required for NCC migration or survival. Earlier studies have implicated BMP signaling both in NCC migration and apoptosis (Kanzler et al., 2000; Marazzi et al., 1997) . To address this point, we used cell fate mapping to compare the distribution and the amount of NCCs as they migrate towards their destinations in Alk2 mutants and controls. For this purpose, Alk2 flox/flox mice were crossed with the ROSA26 Cre reporter (R26R) line as described (Chai et al., 2000; Jiang et al., 2000) . Subsequently, Alk2 flox/ flox ; R26R þ/þ females were crossed with Alk2 KO ; Wnt1-Cre þ males. Resulting embryos have the NCC lineage marked with b-galactosidase expression. Using visual observation as well as computational analysis, we could not detect any differences in the size of pharyngeal arches or in the NCC population of pharyngeal arches between Alk2/Wnt1-Cre mutants and controls at E8.5, E9, and E10 ( Fig. 4A -F) . Neither could we detect differences in apoptosis at E10 (Fig. 4G,H ) nor at E11 (not shown). Since NCCs give rise to the cranial and dorsal root ganglia, we also analyzed the peripheral neural system at E10 by whole-mount antineurofilament immunostaining, and saw no significant differences between mutants and controls (Fig. 4I,J) . In addition, the second pharyngeal arches did not show deviations in the formation of their derivatives-the styloid process, middle ear stapes, and parts of the hyoid bone developed normally (Fig. 2I ,J,4K,L).
Retarded growth of Meckel's cartilage in Alk2/Wnt1-Cre mutants. The most prominent external feature of the Alk2/Wnt1-Cre newborns is the mandibular hypoplasia. Alk2 is expressed in the mandibular primordia at E13 as demonstrated by RT-PCR analysis (Fig. 5A ). Based on a semi-quantitative densitometic analysis of bands of mRNA fragments derived from the wild-type and Alk2 mutant alleles, we conclude that about 80% of Alk2 expressed in the developing lower jaw is derived from the neural crest (Fig. 5A ). In situ hybridization shows that Alk2 is strongly expressed in the pharyngeal arch mesenchyme (Fig. 1D) . However, this analysis does not allow us to define whether Fig. 4 . Alk2/Wnt1-Cre mutants show normal NCC migration, apoptosis, cranial nerves, and second pharyngeal arch derivatives. (A-F) E8.5 to E10 embryos carrying the ROSA26 Cre reporter and Cre recombinase driven by the Wnt1 promoter were stained for b-galactosidase activity. There were no obvious differences between controls (Wnt1-Cre) and Alk2/Wnt1-Cre mutant embryos regarding the labeled cell distribution and staining intensity (confirmed also by a computational analysis), suggesting that the cell migration and population of pharyngeal arches have not been altered by Alk2 inactivation in neural crest cells. The insets in pictures A and B show the details of the first pharyngeal arches demonstrating staining only in the mesenchyme (asterisks), with no epithelial staining (arrowheads). This confirms that the recombination event is restricted to the mesenchymal cells derived from the neural crest. Stereoscopic images, magnif. 25 £ . (G,H) Apoptosis in the first pharyngeal arches was analyzed using TUNEL assay in sagittal sections at E10. Arrowheads point to clusters of positively stained cells (green) distributed equally in controls and mutants. DAPI counterstain, magnif. 200 £ . (I,J) Cranial ganglia at E10 were visualized by whole-mount immunostaining using antineurofilament antibody, showing normal morphology in mutant Alk2/Wnt1-Cre embryos. (V, trigeminal ganglion; VII and VIII, combined ganglion of facial and vestibulo-cochlear nerves; magnif. 50 £ ) (K,L) Hyoid bone derived from the neural crest of pharyngeal arches II and III does not show malformations in Alk2/Wnt1-Cre newborns. (h, hyoid bone; t, tympanic bone; alizarin red and alcian blue staining for a bone and cartilage, magnif. 10 £ ).
Alk2 is also expressed in cells that are not of neural crest origin. In an unrelated study we show that at later stages (E14), Alk2 is also expressed in the epithelium derived from maxillary process of the first pharyngeal arch (Dudas et al., 2003) , indicating that Alk2 expression in pharyngeal arches is in general not restricted to NCCs. Immunohistochemical staining at E14 demonstrated that at the protein level, Alk2 is expressed in chondrocytes of Meckel's cartilage (Fig. 5B) , in its perichondrium, and also in anterior parts of the forming mandible. Subsequently, we examined the mandibular development of Alk2/Wnt1-Cre mutants in more detail. At E11, the pharyngeal arches were comparable in size and shape in controls and Alk2 mutants. Dissected mandibular processes of the first pharyngeal arch were cultured for 7 days under chemically defined conditions (Slavkin et al., 2000) . The explants were harvested and stained with alcian blue to visualize Meckel's cartilage, which forms a template for the subsequent development of mandibular bones. Interestingly, the anterior processes of Meckel's cartilage in Alk2 mutants consistently failed to form a characteristic wishbone-like structure when compared to controls (Fig. 5C,D) . To examine whether a similar phenotype could be seen in vivo, embryos at E15 were harvested and stained for the presence of a cartilage as described above. The control specimens displayed the fully fused anterior tips of Meckel's cartilages, while the corresponding structures in the Alk2 mutants had failed to fuse (Fig. 5E,F) . The anterior extremities of Meckel's cartilages were noticeably shorter in the Alk2 mutants when compared with controls (Fig. 5G,H) . This may be caused by the overall or regional growth retardation in the cartilages that subsequently fail to reach a mutual contact in the mental symphysis, or fail to undergo the proper differentiation in certain segments. We studied the chondrocyte proliferation in Meckel's cartilage at E13 using BrdU staining. The proliferation indices for the Alk2 mutant and control samples were 0.10 (SD ¼ 0.02; n ¼ 5) and 0.28 (SD ¼ 0.06, n ¼ 5), respectively, i.e. the anterior ends of Meckel's cartilages in Alk2 mutants showed an approximate threefold reduction in the number of proliferating cells when compared to that of controls (Fig. 5I,J) . Similar findings were detected in posterior halves of Meckel's cartilages. Here, the growth deviation resulted in milder and stereoscopically unapparent morphological changes-thinner and rounded cartilage mass (Fig. 5K,L) . We did not detect a significant difference in proliferation rates in mesenchymal tissues surrounding the developing mandible.
Meckel's cartilage grows by extending both anteriorly and posteriorly with NCCs in the chondrogenic fronts (Ito et al., 2002) . Our present results show that in Alk2/ Wnt1-Cre mutants the development of the anterior parts of Meckel's cartilage is clearly retarded both in vivo and in vitro, whilst the rest of the cartilage shows only a moderate mass reduction. Secondary structures derived from the very posterior segments of Meckel's cartilages develop normally, as demonstrated by a lack of noticeable malformations in corresponding middle ear ossicles (we observed only a minute difference in manubrium mallei, which was slightly shorter; Fig. 2J ). The functional regionalization of Meckel's cartilages described above corresponds with the results of Mina and co-workers, who recently demonstrated that both medial (anterior) and lateral (posterior) regions of the chick mandibular mesenchyme responded differently to exogenous growth factors (Mina et al., 2002) .
Tight regulation of BMP signaling appears to be critical for proper mandibular development, since abrogation of the BMP antagonists Noggin and Chordin in the first pharyngeal arch also results in mandibular hypoplasia (Stottmann et al., 2001) . Interestingly, inactivation of Bmp2/Bmp4 signaling in the NC by Noggin overexpression leads to the ablation of migratory NCCs from the second and more caudal pharyngeal arches, while the first arch derivatives remain unaffected (Kanzler et al., 2000) . In addition, in Noggin transgenics, the neurogenic NC was affected. This is in striking contrast to the phenotype of our Alk2/Wnt1-Cre mice, in which many of the first arch derivatives are severely affected, while the cranial nerves, including the first pharyngeal arch innervation (trigeminal nerve, Fig. 4I,J) , as well as the second arch derivatives, appear normal (Fig. 4K,L) . Another study recently showed that simultaneous abrogation of two putative Alk2 ligands, Bmp5 and Bmp7, leads to defects in proliferation and maintenance of pharyngeal arch cells (Solloway and Robertson, 1999) .
Our results demonstrate for the first time that signaling via Alk2 at post-induction stages does not influence the overall patterning of the craniofacial NC, but regulates specific aspects of the growth of Meckel's cartilage, mandible, frontal, temporal and zygomatic bones. Failure of proper signaling via Alk2 during facial development may contribute to formation of facial birth defects in mammals, including cleft palate as a secondary anomaly.
Experimental procedures
Generation of conditional Alk2/Wnt1-Cre mutant mice. The targeting construct was generated by inserting a loxP-pgkneo-loxP cassette into intron 7, and an additional loxP site into intron 6 as described (Kaartinen and Nagy, 2001) . Introduction of this targeting vector into ES cells, selection and clone expansion were performed as described (Kaartinen et al., 1995) . Chimeric, heterozygous, and subsequently homozygous mice were generated according to standard methods (Papaioannou and Johnson, 1993) .
The pgkneo selection marker was removed by a transient transduction with the adenoviral Cre recombinase (Kaartinen and Nagy, 2001 ). Wnt1-Cre mice were kindly provided by Andy McMahon (Harvard University), and ROSA26R Cre reporter mice were from the Jackson laboratories. All mice were maintained in mixed genetic backgrounds. Animal protocols were approved by the institutional committee and complied with the national requirements.
Apoptosis and cell proliferation. Apoptotic cells were detected using the DeadEnd Fluorometric TUNEL system (Promega). Cell proliferation was analyzed using the BrdU incorporation assay (Zymed). The proliferation index was calculated as number of positively staining nuclei divided by the total number of nuclei per cross-section of Meckel's cartilage.
Expression constructs. The 5 0 -fragment encompassing the sequences encoded by exons 1-6 was amplified by using primers (5 0 -agccgaattcacatgctcgatggagtaat-3 0 ) and (5 0 -cataagctttaagatattttcatgcct-3 0 ). The 3 0 -fragment encompassing sequences encoded by exons 8 -10 was amplified by using primers (5 0 -tccaagcttggcctaacagtcatgcattcc-3 0 ) and (5 0 -ggcagtcgacacagtcattcaatttgtc-3 0 ). The insert was cloned as (Eco RI-Hind III)-(Hind III-Sal I) fragment into pcDNA3.1/Myc-His digested with Eco RI/Sal I. CHO cells were transfected with expression constructs for Smad1 alone (a gift from J. Massague), or in combination with caAlk2 or caAlk2DEx7 using Lipofectamine 2000 (Invitrogen). After 48 h, cells were lysed in 2 £ Laemmli sample buffer and subjected to SDS-PAGE. Proteins were blotted onto PVDF membrane and immunodetected with either Myc, Smad1, or phospho-Smad1 antibodies, and developed using enhanced chemiluminescence detection system (Bio-Rad).
Mandibular organ cultures. The mandibular processes of the first pharyngeal arch were cultured as described (Slavkin et al., 2000) .
Genotype assays. The Alk2 flox allele was detected by PCR using primers 5 0 -cccccattgaaggttagagagac-3 0 (forward sense) and 5 0 -ctaagagccatgacagaggttg-3 0 (reverse antisense). After amplification (40 cycles; 1 min annealing at 62 8C, 1 min elongation at 72 8C and 1 min denaturation at 94 8C), the samples were digested with Bgl I, and run on 2% agarose. The wildtype and mutant alleles gave 250 and 160 bp and 90 bp products, respectively. The Alk2 KO allele was genotyped by PCR using primers 5 0 -catgcccctacttggagactgg-3 0 (forward sense) and 5 0 -ctaagagccatgacagaggttg-3 0 (reverse antisense). This amplification resulted in a product of 370 bp for the Alk2 KO allele, while the wild-type allele was undetectable (. 2700 bp).
RNA extraction and RT-PCR. Total RNA was isolated from pharyngeal arch and mandibular tissues using RNeasy mini columns (Qiagen). Random-primed cDNAs were generated using Omniscript reverse transcriptase (Qiagen) and amplified using HotStarTaq DNA Polymerase (Qiagen). The forward primer (5 0 -ggagaagtatggattttcagct-3 0 ) and reverse primer (5 0 -ggcccaatatcgaccctctta-3 0 ) correspond to sequences in exons 6 and 8, respectively. b-Actin was used to assess the quality of the RNA (Kaartinen et al., 1995) . Digitalized images were quantified using the Un-Scan-It software (Silk Scientific).
Histological analyses, immunohistochemistry, and in situ hybridization. Embryonic tissues were fixed with 4% formaldehyde for 12 h, dehydrated and embedded in paraffin. Sections (5 mm) were stained with Hematoxylin and Eosin. For immunohistochemistry, fixed sections were stained with monoclonal anti-Alk2 antibody (Yoshikawa et al., 2000) using Histomouse kit (Zymed) according to the manufacturer's instructions. Skeletal and X-gal stainings as well as whole-mount in situ hybridizations were carried out essentially as described (Hogan et al., 1994) . Quantitative analysis and optical density measurement of X-gal staining in embryos was done using HQ610/75 filter unit (Chroma Technology set 41007) and MetaMorph 6.1r3 computational analysis (Universal Imaging Corp.) in CHLA Image Core Facility. Whole-mount immuno-histo-chemistry was performed on embryos fixed in 4% formaldehyde and washed in PBS with 0.1% Triton X-100. Embryos were blocked for 1 h, followed by incubation with antineurofilament primary antibody (Developmental Studies Hybridoma Bank, University of Iowa) at þ 4 8C overnight.
